We report, for what we believe to be the f irst time, a Ce:LiCAF laser pumped by ultraviolet radiation obtained by sum-frequency mixing of the green and the yellow output from a copper-vapor laser. The 7-kHz pulse repetition frequency free-lasing Ce : LiCAF laser yielded a maximum output power of 530 mW, with a slope efficiency of 32%, from a pump power of 1.9 W. With a single prism tunability from 280.5 to 316 nm was achieved. © 1999 Optical Society of America OCIS codes: 140.0140, 140.1340, 140.3580, 140.3600, 140.3610. Considerable attention has been devoted recently to the development of trivalent cerium-doped f luoride lasers, based on the UV 5d by virtue of their broad tunability in the 280-315-nm spectral region. Although most of the previous work was done at relatively low pulse repetition frequencies (PRF's) of a few tens of hertz, operation of cerium lasers at kilohertz (kHz) PRF's has been reported recently. The first kHz PRF cerium laser was reported in 1996 by Petersen, 6 who subsequently generated 350 mW of power from an untuned Ce:LiCAF laser pumped with 1.35 W from the fourth harmonic of a 20-kHz PRF Nd : YVO 4 laser.
Considerable attention has been devoted recently to the development of trivalent cerium-doped f luoride lasers, based on the UV 5d 1 ) 4f 1 transition. In particular, Ce:LiCAF (Ref. 1) and Ce:LiSAF (Refs. 2 and 3) have emerged as reliable and compact laser sources for applications as diverse as remote sensing of atmospheric species 4 and short-pulse generation, 5 by virtue of their broad tunability in the 280-315-nm spectral region. Although most of the previous work was done at relatively low pulse repetition frequencies (PRF's) of a few tens of hertz, operation of cerium lasers at kilohertz (kHz) PRF's has been reported recently. The first kHz PRF cerium laser was reported in 1996 by Petersen, 6 who subsequently generated 350 mW of power from an untuned Ce:LiCAF laser pumped with 1.35 W from the fourth harmonic of a 20-kHz PRF Nd : YVO 4 laser. 7 In 1996 we reported what we believe to be the first kHz PRF operation of a Ce:LiLuF laser. 8 This laser, pumped by a frequency-doubled copper-vapor laser (CVL), yielded as much as 12 mW of power at a PRF of 6.2 kHz. More recently, Govorkov et al. 9 used a 1-kHz PRF frequency-quadrupled Nd : YAG laser to pump a prism-tuned Ce:LiCAF laser. The Ce:LiCAF laser demonstrated by Govorkov et al. yielded 550 mW from a pump power of 1.9 W, to our knowledge the highest power ever achieved from a cerium laser, and tunability from 280 to 315 nm was demonstrated.
To date, Ce : LiCAF and Ce : LiSAF lasers typically have been pumped by the frequency-quadrupled output of a diode-pumped Q-switched Nd laser at 266 nm (e.g., Nd : YAG or Nd : YVO 4 ). However, a promising alternative pump source is the frequency-doubled CVL, 10, 11 which operates at kHz PRF's (4-24 kHz). The green and the yellow fundamental lines (511 and 578 nm, respectively) from the CVL can be frequency doubled or mixed to yield three UV wavelengths: 255 nm (frequency-doubled green), 271 nm [sum-frequencymixed (SFM)], and 289 nm (frequency-doubled yellow). This wavelength agility has the advantage that a variety of cerium-doped lasers can be pumped by a single frequency-doubled CVL. For instance, the line at 271 nm is well matched to the absorption peaks of Ce:LiCAF and Ce:LiSAF, and the line at 289 nm can be used to pump Ce : LiLuF. 8 Although medium-scale (20-W fundamental power) frequency-doubled CVL's typically provide UV powers of 1 -2 W, such devices have been scaled in power to yield almost 5 W (at 255 nm) by kinetic enhancement of the CVL and the use of a CLBO frequency-doubling crystal. 12 In this Letter we report for what is believed to be the first time high-power ͑.500-mW͒ operation of a 7-kHz PRF Ce:LiCAF laser pumped by the sum-frequencygenerated output of a CVL.
The experimental conf iguration is shown in Fig. 1 . An in-house-built CVL with an active volume 1 m long and a 25-mm diameter was used. The CVL was operated with an on-axis negative-branch unstable resonator of magnif ication 128, consisting of a 3.2-m radius of curvature (ROC) high ref lector and a 2.5-cm ROC concave ref lector. The laser output was derived from a 45 ± center-hole scraper mirror. We placed a polarizing beam splitter near the high ref lector to ensure linearly polarized output. The high-beam-quality output available for sum-frequency mixing from this CVL was as much as 20.5 W of yellow and green in the power ratio 1:1.9. The sum-frequency mixing geometry employed was similar to that reported in Ref. 9 . A Keplerian mirror telescope, comprising a 1-m ROC focusing mirror and a 0.15-m ROC recollimating mirror, was used to reduce the beam diameter from 25 to 3.75 mm. We placed an aperture (diameter, ϳ2 mm) at the telescope focus to remove amplif ied spontaneous emission. A mirror telescope was used in preference to the lens telescope reported in Ref. 11 because it was more compact and eliminated the possibility of backref lections into the laser cavity. The compressed CVL beam was focused into the nonlinear crystal by an f 50 mm cylindrical lens. An 8-mm-long Super BBO crystal (Casix) was used for sum-frequency mixing. The UV beam was then recollimated by another 50-mm cylindrical lens, and a Pellin-Broca prism was used to separate the sum-frequency beam from the fundamental. Power measurements were taken with a Coherent DL20 powermeter, and pulse shapes were measured with a Thorlabs DET2-SI fast photodiode and a Hewlett-Packard 54111D digitizing oscilloscope.
The maximum SFM CVL UV power that was generated at 271 nm was 2.85 W. We determined this power by measuring the UV output after the turning mirror and then correcting for the measured 22% loss associated with the turning mirror, the PellinBroca prism, and the recollimating lens. In this case the average conversion eff iciency was 14% and the wall-plug eff iciency was 0.077%. To our knowledge this UV power is the highest ever reported at 271 nm from a single-unit medium-scale SMF CVL. The UV pulse length was measured to be 8 ns FWHM, which is well matched to the 25-ns excited-state lifetime of Ce:LiCAF. 2 The divergence of the 3.75-mm-diameter UV beam was found to be ϳ900 mrad, or approximately 11 times the diffraction limit.
The Ce:LiCAF crystal (VLOC) was 9 mm long, with a 0.8-wt. % cerium-doping level, providing 89% pump absorption. A brass mount provided conductive cooling of the crystal. The crystal ends were Brewster cut to favor p polarization, and we aligned and the polarization of the pump beam to the c axis of the crystal to minimize excited-state absorption and solarization effects, 2 which are deleterious to laser performance in the s polarization.
The cerium laser cavity consisted of a f lat output coupler and a curved high ref lector (ROC, 250 mm) . The 271-nm pump was focused past the high ref lector into the laser crystal by an f 100 mm lens, forming a focus in the crystal with a diameter of approximately 90 mm, which was well matched to the cavity mode diameter of 100 mm. A quasi-longitudinal pumping geometry was adopted owing to the difficulty of manufacturing a dichroic mirror of high transmission at 271 nm and high ref lectivity from 280 to 315 nm with a suff iciently high damage threshold. We kept the cavity length short (45 mm) to reduce the pulse buildup time, given the relatively short Ce:LiCAF excitedstate lifetime. We obtained maximum output power by placing the output coupler as close to the crystal as possible and by positioning the high ref lector as far from the crystal as the short cavity-length requirement would allow. By placing the high ref lector as close as possible to the 271-nm beam we obtained the best possible spatial overlap between the pump beam and the laser mode within the crystal.
The output power characteristics of the cerium laser are shown in Fig. 2 . Note that all the pump powers quoted in this Letter correspond to those measured before the pump focusing lens. A variety of output couplers with ref lectivities in the range from R 45% to R 85% at the peak lasing wavelength were used. The 45% output coupler was found to yield the maximum output power of 530 mW for a pump power of 1.9 W. In this case the slope efficiency was 32% and the absolute efficiency was 28%. The output power was limited only by the pump power available at the time of the experiment. There was no damage or long-term deterioration in output power observed over many days of operation. The free-lasing wavelength was 288.5 nm, and the laser linewidth was measured to be ϳ2.4 nm. The pulse shapes when the Ce:LiCAF laser was pumping with 1.62 W of power (6.5 times above threshold) are depicted in Fig. 3 . The pulse length of the Ce:LiCAF laser pulse was 2.9 ns FWHM, corresponding to as much as 26-kW peak power, and the pulse buildup time was 2.7 ns. On lasing, the crystal f luorescence was depleted by 45% relative to the f luorescence value when lasing was blocked.
We achieved prism-tuned operation of the laser by placing a fused-silica Brewster prism in the cavity and rotating the high ref lector to achieve wavelength selectivity. We increased the cavity length to 65 mm to accommodate the prism. Initially a 45%-ref lectivity output coupler was used. In this case the maximum output power obtained at the peak of the tuning curve at 288.5 nm was 500 mW from a pump power of 1.9 W. Although this output power and the slope eff iciency (30%) at 288.5 nm were higher than could be attained by use of any of the other output couplers, the resulting tunability was limited, and lasing was possible only within the 282-295-nm spectral range. By increasing the output coupler ref lectivity from 45% to 85% we could obtain access to the full lasing wavelength range of Ce:LiCAF, and tunability from 280.5 to 316 nm was achieved, as is depicted in Fig. 4 . Figure 4 also includes a plot of ref lectivity versus wavelength for the R 85% output coupler, as this is signif icant in determining the resultant Ce:LiCAF laser tuning curve. The maximum output power generated at 288.5 nm from this cavity was 450 mW when the laser was pumping with 2.15 W of power (absolute efficiency, 21%). The slope efficiency was 23%, and the linewidth was measured to be reduced to be of the order of 0.3 nm FWHM at the peak of the tuning curve, which corresponds well to the theoretically expected value of the order of 0.4 nm.
We have demonstrated that the SFM CVL is an excellent pump source for high-power multi-kHz PRF Ce : LiCAF lasers. In fact, the Ce : LiCAF laser reported here is, to the best of our knowledge, the highest output power multi-kHz cerium laser ever operated. This combination of high output power and high PRF makes this Ce:LiCAF laser an ideal candidate for line narrowing for the purpose of monitoring the concentrations of rare atmospheric species such as hydroxyl that absorb in the 280-315-nm spectral region. In addition, the wavelength agility of the frequency-doubled CVL permits a range of cerium lasers (e.g., Ce:LiLuF, Ce:LiCAF, Ce:LiSAF, Ce:YLF) to be pumped by a single pump source. Recently developed cerium-doped crystals such as Ce : LiBaF 3 ,
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Ce:SAF, 14, 15 Ce:LiGdF 4 , 15 and Ce:KYF 4 , 15 which also show potential as tunable UV laser sources, have absorption bands that are well matched to at least one of the three CVL UV wavelengths.
In conclusion, we have demonstrated for what we believe to be the first time operation of a Ce : LiCAF laser pumped at 271 nm by the SFM output of a CVL. We generated as much as 530 mW of power at a PRF of 7 kHz at 288.5 nm from the Ce : LiCAF laser, with a slope efficiency of 32% from a freelasing cavity. To the best of our knowledge this is the highest output power yet achieved from a multi-kHz PRF Ce:LiCAF laser. By insertion of a prism into the cavity, tunability from 280.5 to 316 nm was achieved. The output power from the cerium laser was limited only by the 271-nm pump power. As medium-scale frequency-doubled CVL's are scalable in PRF to tens of kHz and in average power to several watts, 12 we believe that a 1-W multi-kHz PRF Ce : LiCAF laser pumped by the SFM output of a CVL is achievable.
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